The line shape problem in the near-infrared spectrum of self-colliding CO 2 molecules: Experimental investigation and test of semiclassical models J. Chem. Phys. Reuse of AIP Publishing content is subject to the terms: https://publishing.aip.org/authors/rights-and-permissions. Using both a difference frequency spectrometer and a Fourier transform spectrometer, we have measured transitions in the 12 2 0←01 1 0 band of carbon dioxide at room temperature and pressures up to 19 atm. The low-pressure spectra were analyzed using a variety of standard spectral profiles, all with an asymmetric component to account for weak line mixing. For this band, we have been able to retrieve experimental line strengths and the broadening and weak mixing parameters. In this paper we also compare the suitability of the energy-corrected sudden model to predict mixing in the two previously measured Q branches 20 0 0←01 1 0, the 11 1 0←00 0 0, and the present Q branch of pure CO 2 , all at room temperature.
Carbon dioxide is present in the atmospheres of all three ''Earth-like'' planets in our solar system. While on Earth the gas is diluted to 0.04% with N 2 or O 2 , on Mars and Venus it is the dominant component at about the 95% level for both planets. CO 2 ͑partial͒ pressures vary from extremely low values in the upper atmospheres of the planets, to 5 torr at the surface of Mars, 760 torr at the surface of Earth, and 70 000 torr ͑90 atm͒ at the surface of Venus. In order to understand the radiative properties of these atmospheres, the spectral characteristics of CO 2 must be known over a similarly large range of pressures and the ultimate goal is to have a single theory or model that can predict the emission/absorption features over this entire range of pressures.
It is well known that modeling of the shape of absorption due to clusters of lines, such as Q branches or manifolds, often requires accounting for the influence of line mixing 1 when the pressure is such that the spectral contributions of the various transitions overlap significantly. The need to account for line mixing in forward calculations of absorption/ emission of CO 2 in the Earth's atmosphere has been demonstrated. [2] [3] [4] [5] In the case of CO 2 , Q branches line mixing has received considerable experimental and theoretical attention in the infrared. Many laboratory measurements have been made for mixtures with N 2 or other gases, whereas pure CO 2 has received less attention. [6] [7] [8] [9] [10] [11] [12] Here, we complete our series of measurements 6, 7 of broadening and mixing by presenting, in Part I, results for the 12 2 0←01 1 0 band (⌬←⌸ transition͒ at 2093 cm Ϫ1 . As distinct from the earlier papers, this ⌬←⌸ transition possesses vibrational angular momentum in both the lower (lϭ1) and the upper (lϭ2) state. In such a case both the structure of the band and mixing is more complex than is found for simple Q branches. Various approaches have been proposed for the modeling of line mixing: they include simple empirical approaches, 13 semiclassical models, 14 the use of fitting 12, 15 and scaling 11, 16 laws, and first principle calculations starting from the intermolecular potential. 17 Among the models tractable for precise modeling the absorption shape of Q branches, the scaling approach based on the energy-corrected Sudden approximation ͑ECS͒ has been widely and successfully used for a number of molecular systems. 4,6,18 -21 When compared with other fitting laws it has the advantage of including, explicitly and intrinsically, the influence of the vibrational symmetry ͑angular momentum͒ of the band and of the branches to which the lines belong, and of applying to all bands of a given molecular system simultaneously. Its performance has been widely demonstrated in Q branches or entire bands for CO 2 -(N 2 ,O 2 , air,...͒ mixtures, but few tests 11, 22 have been made for pure CO 2 . Here, in Part II, we test it for the three Q branches of pure CO 2 , the ⌸←⌺ transition (11 1 0←00 0 0) at 2077 cm Ϫ1 , the ⌺←⌸ transition (20 0 0←01 1 0) at 2130 cm
Ϫ1
, and the present ⌬←⌸ transition (12 2 0←01 1 0) located at 2093 cm Ϫ1 . However, before proceeding to Parts I and II, it is worthwhile to give a brief outline of the theory of line mixing. Disregarding Doppler and velocity effects, 23, 24 the collisional absorption coefficient for pure CO 2 under total pressure P and temperature T is given, within the impact approximation, by
͑1͒
The sum extends over all CO 2 lines k and kЈ, and Im͕...͖ denotes the imaginary part, while k and d k are the population of the initial level of line k and the dipole matrix element of the optical transition, respectively. ⌺, L 0 , and W ϭ Pw are operators in the Liouville ͑line͒ space. The first two are diagonal and associated with the wave number of the calculation and the positions k of the unperturbed lines (͗͗kЈ͉⌺͉k͘͘ϭ␦ k,k Ј ϫ and ͗͗kЈ͉L 0 ͉k͘͘ϭ␦ k,k Ј ϫ k ). The relaxation operator w, per unit of pressure, accounts for the effects of CO 2 -CO 2 collisions. The diagonal elements ͓which are the broadening, (␥ k ), and shifting (␦ k ), coefficients of individual lines͔ are related to the off-diagonal linecoupling terms by the sum rule 
where S k is the strength, k is the center position, ⌫ k is the Lorentz half-width at half-maximum ͑HWHM͒, Y k is the line-mixing parameter, and ⌬ k is the pressure shift of the kth component. While the relaxation matrix, Wϭ Pw, is linear in pressure, in Eq. ͑3͒ the strength, asymmetry, width, and shift are all complicated functions of the pressure. Furthermore, it is only at low densities that one can think of the spectral components, k, as being a physically meaningful line. For instance, as we shall see below, it is possible for the strength of a spectral component to be negative.
When line mixing is neglected, w is diagonal, and Eq. ͑1͒ reduces to a sum of symmetric Lorentzian profiles. The positions, widths, and intensities of the isolated lines vary with pressure. Furthermore, a low-pressure, first-order development of Eq. ͑1͒ or ͑3͒, valid in the case of weak overlap-
with, y k , the weak mixing coefficient, being given by
Here, in contrast to Eq. ͑3͒, each asymmetric component is a line and the mixing parameter Y k is now proportional to pressure (Y k ϭ P y k ).
II. PART I A. Experimental details
All of the experiments presented here were carried out at the University of Toronto. We have used a difference frequency laser spectrometer to record CO 2 spectra below 1 atmosphere. We give only a brief outline of the system as it has been described elsewhere. 30 The infrared radiation tunable from 2.5 to 5.5 m is obtained by overlapping and mixing the light from two single-frequency lasers in a LiIO 3 crystal. The infrared power is normalized by splitting the infrared beam and monitoring the input and output signals from the following absorption cell with two identical LN 2 -cooled, InSb detectors. The frequency measurement subsystem has as its principal component a temperaturestabilized, scanning Fabry-Perot interferometer used to determine the frequencies of both the dye and the argon ion laser relative to the frequency of a stabilized HeNe laser. Using phase sensitive detection we can achieve a resolution of about 2 MHz (6ϫ10 Ϫ5 cm Ϫ1 ) and a signal-to-noise ratio close to 1500:1 for a 1 s integration time.
We have used temperature-controlled gas cells of 1 and 4 m length. The temperature was monitored and stabilized at 296.2 K with a precision of Ϯ0.4 K using an Omega temperature controller. We have tried to minimize the temperature gradients along the cell by attaching additional heating coils to the end flanges. To avoid etaloning effects in the optics, the cell and detectors had Brewster CaF 2 windows and the LiIO 3 crystal was antireflection coated. For both cells the maximum variation of the empty cell transmission ͑baseline signal͒ was 1 part in 500 for a 1 cm Ϫ1 scan. The gas pressure was monitored using an MKS 120 AA capacitance manometer, calibrated by the manufacturer to an absolute accuracy of 0.05% of the full scale reading.
The high-pressure spectra presented in this work were recorded using a Bomem DA8.003 Fourier transform spectrometer and a 25 cm long temperature-controlled cell able to stand gas pressures up to 30 atm. The short cell had CaF 2 windows. The detector used was an InSb detector with a cold filter. The CO 2 spectra were recorded at 0.004 cm Ϫ1 resolution and the signal-to-noise ratio was in excess of 1000:1. We have used an iris aperture of 0.5 mm. The instrumental line shape was much smaller than the width of the collapsed Q branches and has been ignored in our high-pressure FTIR spectra. The FTIR measurements were made at 303.2 K. As above, the temperature was monitored and stabilized using an Omega temperature controller. The gas sample used in all experiments was supplied by Matheson and had a purity of 99.99%. Figure 1͑a͒ shows sample transmission spectra of the 12 2 0←01 1 0 band of carbon dioxide at low pressure. In the figure, the experimental points have been joined by straight line sections. As explained below, the 1-type doubling leads to a doubling of the band, the even J lines being clustered near 2093.4 cm Ϫ1 while the odd J lines are spread out towards higher frequency. As illustrated in Fig. 1͑b͒ , the entire band collapses to a single profile at high pressure. It is only at low pressures that one can extract values of pressure broadening and line-mixing coefficients. We analyze the low-pressure data ͑5-20 torr͒ in an iterative manner, exactly as in the earlier publication. 7 In the fitting routine we have used several well-known line shapes, all with an asymmetric component to allow for weak line mixing. In the first step we extract line strengths and approximate linewidths from the data. In the second step we extract accurate widths and approximate mixing coefficients. In the final step, accurate line-mixing parameters are determined. At each step we correct the data using calculated values of the next higher term arising from line mixing. In order to calculate the mixing terms, we need a relaxation matrix, w. As in Ref. 7 , we use the EPG law proposed by Strow.
B. Results and discussion
3 A fundamental assumption made in the model is that all of the broadening and mixing arises from rotationally inelastic collisions within a given vibrational manifold.
Knowledge of the level structure is necessary for understanding the effect of rotationally inelastic collisions on the line mixing. 12 
C
16 O 2 belongs to the point group D ϱ . Herzberg ͑Ref. 31, p. 373͒ has given a generic energy level diagram for such molecules. However, 16 O is a boson with zero nuclear spin and thus only the symmetric ͑s͒ states exist for our case. Consequently, as illustrated in Fig. 2 , the rotational levels in the ⌸ u vibrational state all have the same negative ͑Ϫ͒ total parity, while in the ⌬ g vibrational state all have positive ͑ϩ͒ total parity. What is important for this paper is the fact that in each state the even J levels all belong to either the upper or the lower of the two 1-type doublets, while the reverse is true for the odd J levels. Thus, the even J levels have one effective rotational constant ͑B͒ while the odd J levels have a different value for the effective B. Hence, the ⌬B, describing the spreading of the Q branch, has two values, one for J even and another for J odd, exactly as illustrated in Fig. 1͑a͒ . Our earlier publications 6, 7 involved ⌺ states for which only J even levels exist. It is convenient to introduce a ''rotationless'' parity ͑to distinguish the two possible 1-type doublets͒ by removing from the total parity, the usual rotational factor (Ϫ1)
J . The even/odd rotationless parity states are conventionally designated by e/ f . 32 We have added these labels to the states in Fig. 2 . We see in both vibrational states that the even J levels have one rotationless parity while the odd J levels have the other rotationless parity. If only the J even and only the J odd levels were coupled by collisions (⌬J even͒, line mixing would occur only within each sub-Q branch. As we shall see, there exists strong experimental evidence that both ⌬J even and ⌬J odd collisional transfer exist, and thus we consider a form of the EPG law that allows for this possibility. In the rest of this paper we will refer to rotationless parity simply as parity.
The EPG law gives the collisional transfer rate, k jk , from a rotational state k to a higher rotational state j as
where ⌬E jk is the rotational energy difference between the two states and B o is the rotational constant, all within a given vibrational level. The adjustable parameters of the model are a, b, and c. The rates of population transfer must satisfy the detailed balance condition
where k is the population of the rotational state, k. In our version of the EPG model, we allow for collisions with ⌬J both odd and even, i.e., with and without parity changes ͑Ref. 33 and references therein͒, by writing the diagonal elements of the relaxation matrix for transitions in the 12 2 0←01 1 0 Q branch of 12 C
16
O 2 as
͑8͒
So far we have given the diagonal elements of the relaxation matrix. The off-diagonal elements of the relaxation matrix, w jk , are given by w jk ϭϪ␤ ⌸ ␤ ⌬ k jk for ͑ jϪk ͒ even, and w jk ϭϪ͑1Ϫ␤ ⌸ ͒͑ 1Ϫ␤ ⌬ ͒k jk for ͑ jϪk ͒ odd . ͑9͒
Note that this form assumes that the percentage of ⌬J odd or even is independent of the rotational level. A common approach, and one we use here, is to use measured broadening coefficients and Eq. ͑2͒ to fit for the a, b, and c parameters of the EPG model. Once these are fixed, the complete relaxation matrix may be determined ͑for given values of the ␤ parameters͒ and either the entire spectrum can be calculated at all pressures, or one can directly calculate the weak mixing ͑low-pressure͒ parameters.
In the first round of fitting, we do not have the broadening coefficients. However, as is well known, these are largely band independent. Thus, we can use experimental values from another band and the expression in Eq. ͑8͒ to determine reasonable values for the a, b, and c parameters. We used broadening coefficients from the 20 0 0←01 1 0 band 7 ͑J even͒ and interpolated them to find values for odd J values. The weak line-mixing coefficients for our branch were calculated using a value of ␤ ⌸ ϭ␤ ⌬ ϭ0.5. By fitting our lowdensity data using calculated weak line-mixing parameters, we can retrieve accurate values of the line strengths and approximate values of the broadening coefficients. With these new line strengths we refit the data to extract accurate broadening coefficients and approximate values of the weak mixing parameter. In a final step, we estimate the second-order mixing terms 34 using our broadening coefficients to determine new EPG parameters and refit again for the experimental widths and more accurate experimental values of the firstorder mixing parameters. Here, ␤ ⌸ and ␤ ⌬ are allowed to float. This entire procedure may be carried out using any model of the intrinsic line shape. Table I lists the line strengths ͑averaged over the lowpressure measurements͒ when we use either the Voigt or the speed-dependent Lorentz profile. There is a small dependence on the choice of spectral profile, but the results overlap within the quoted error bars. In the same table we have added the values given in HITRAN2000. 35 The data for HITRAN were determined from spectra fitted only with a Voigt profile. The two sets of data agree within 3% or better.
From the medium-pressure spectra ͑below 60 torr͒, we also retrieved the integrated band intensity. As in previous studies 6, 7 we have fixed the relative line strengths to the val- 36 ͑They were not able to retrieve intensities for the individual Q-branch transitions͒. Table II lists the broadening coefficients extracted using a Voigt, Lorentz, and speed-dependent Lorentz model for the intrinsic spectral profile of an isolated line. When speed dependence of the broadening is included in the fitting profile, the term ''width'' loses precise meaning. The width reported here is the Boltzmann-averaged width and is generally designated as ⌫ m in the literature. 37 The reported pressure broadening coefficients were determined from plots of the width versus pressure and are the slopes of lines that pass through zero. At pressures below 60 torr the asymmetric Voigt profile is very close to a pure Voigt profile, and these broadening coefficients may be compared with values obtained by Rinsland et al. 36 and those compiled in HITRAN2000. 35 The agreement is within 5%. However, as is evident from Fig. 3 , the difference between our results and those given in HITRAN shows a systematic dependence on J and on the model used to fit the profiles. The systematic difference persists even when the Voigt profile is used for both sets of data. Clearly, the broadening coefficients are not totally band independent.
We now turn our attention to the weak mixing coefficients. They are given in Table III . They were retrieved from the spectral fits using the asymmetric speed-dependent Lorentz model. For each individual spectral line we have determined the mixing parameters, y(J), by a linear regression of the fitted asymmetric component, Y (J), versus pressure, forcing the fitted line to pass through the origin. The first column of results corresponds to experimental values obtained by neglecting the second-order mixing terms, G and H. 34 The second column presents values obtained by correcting the data using our estimated values of G and H ͑see Ref.
7͒. The second-order terms make a significant contribution to the mixing at our pressures. Note there is not the usual smooth evolution with J, being of one sign for low J and the opposite sign for high J. The irregular variation of the weak mixing coefficient with J ͓see Table III or Fig. 8͑c͒ below͔ is real and arises because of the near overlap of lines belonging to different subbranches. This leads to large values ͑Ϯ͒ of the mixing coefficient only if collisions which couple the two subbranches (⌬J odd͒ occur. As reported in studies of the pure CO 2 Q branches located at 2077 cm Ϫ1 ͑Ref. 6͒ and 2130 cm Ϫ1 ͑Ref. 7͒, we find that the sum rule, ⌺S i Y i ϭ0, is violated. Again, we attribute this to the neglect of interbranch mixing in our fitting routines.
As outlined above, extracting the line strengths, broad- ening, and weak mixing coefficients from the data uses an EPG model to correct for higher order terms in the mixing, the coefficients for the EPG law being determined from the measured broadening curves. When we use the broadening coefficients retrieved using the asymmetric Lorentz model to determine the EPG coefficients, we find, ␤ ⌸ ϭ0.46, ␤ ⌬ ϭ0.675, aϭ0.0391, bϭ0.214, cϭ1.404.
Here, we can use the fitted EPG coefficients, or the corresponding coefficients for the ECS model described below, to understand the anatomy of line mixing and thus to understand at least qualitatively the overall collapse of the band with pressure. ͓See Fig. 1͑b͔͒ . As indicated in the Introduction, given a relaxation matrix, it is possible to decompose the band into a sum of spectral components, each expressed as the sum of a symmetric and an asymmetric Lorentzian component ͓see Eq. ͑3͔͒. The results are shown in Figs.  4͑a͒-4͑d͒ , where we have labeled the spectral components according to their low-pressure identity assuming continuity of the curves. Figure 4͑a͒ shows the computed intensity of the spectral components as a function of pressure. The most striking feature of this figure is the fact that the intensity of all spectral components except one, here Q͑8͒, falls to zero at high pressure. This dominant component assumes all of the Q-branch intensity. The computed curves for the frequencies, widths, and asymmetries ͓Figs. 4͑b͒, 4͑c͒, and 4͑d͔͒ all show this component as a darkened curve. In Figs. 4͑a͒, 4͑c͒ , and 4͑d͒, we have actually plotted S k / P, ⌫ k / P, and Y k / P, respectively. Thus, we expect the curves to approach constant line strengths, broadening, and mixing coefficients, respectively, as the pressure is lowered towards zero. However, it is the behavior at high pressures that is of interest. Figure 4͑d͒ shows that the asymmetry of the Q͑8͒ spectral component vanishes at high pressure. Thus, from Figs. 4͑a͒, 4͑b͒, and 4͑d͒, we expect the band to become a single Lorentzian with a width given by the width of the Q͑8͒ component of Fig. 4͑c͒ . We have fitted the collapsing 12 2 0 ←01 1 0 Q branch with an asymmetric Lorentzian model and find the quality of the fit to be excellent ͓see Fig. 5͑a͔͒ .
The question is ''How do the fitted parameters compare with the computed parameters for Q͑8͒?'' A visual examination of the peak position in Fig. 1͑b͒ shows it to be comparable to computed shift in the Q͑8͒ component shown in Fig.  4͑b͒ . Thus, it is line mixing and not a shift in the vibrational frequency, that dominates the displacement of the strongly mixed Q branch. As shown in Figs. 5͑b͒ and 5͑c͒ , the agreement between the calculated and fitted values does not extend to the width and asymmetry. Figure 4͑a͒ suggests the values should converge rapidly above 2 atm. However, the widths appear to diverge with the measured profile having a width less than the computed Q͑8͒ width, above about 6 atm. The computed asymmetry is larger than the fitted asymmetry, although there appears to be slow convergence of the two values as the pressure is increased. While part of the numerical disagreement of the two asymmetries can be ascribed to the neglect of interbranch mixing, it is unlikely that this also causes the 10% disagreement in the widths. While such accuracy may be adequate for atmospheric modeling, the EPG model suffers from the drawback that the data for each band must be available in order to determine the model parameters. In other words, the EPG law applies band by band rather than globally for all bands of a given molecule. The ECS model overcomes this limitation. Part I completes our experimental study of three Q branches in the infrared spectrum of pure CO 2 , all at room temperature. In Ref. 6 the band at 2077 cm Ϫ1 was a ⌸←⌺ transition. In Ref. 7 the band at 2130 cm Ϫ1 was a ⌺←⌸ transition. In the present paper, the band is located at 2093 cm Ϫ1 and is a ⌬←⌸ transition. In the last case both the upper and lower states have nonzero vibrational angular momentum. In all three studies we used some form of an EPG law either in the extraction of the width and the weak mixing coefficient from the data or in modeling the band for strong Experimental results obtained including the second-order line-mixing terms. c Coefficients calculated from present broadening coefficients assuming that the relative amounts of even-even and even-odd couplings are independent of J.
III. PART II: ECS ANALYSIS OF THE
mixing. We did this band by band and ''played'' with the problem of deciding whether or not to include ⌬J odd or even ͑rotational͒ parity changing collisions. In this section we examine the suitability of the ECS model for describing all bands with one set of fitted parameters. The ECS model addresses the question of ͑rotational͒ parity changes directly. In the Introduction we outlined a general formalism for determining band shapes which has, as an important ingredient, the relaxation matrix w. All that remains is to describe how the ECS relaxation matrix is constructed.
Recall that since collisional transfer rates between levels in different vibrational states are extremely small, only the w elements connecting rotational transitions within a given band are accounted for. Furthermore, since the off-diagonal imaginary elements are expected to be very small and in the absence of any model for their construction, only the real part of w is constructed. Within the approximations detailed in Ref. 4 , the ECS expression of the w element connecting two lines ( j f
vibrational band is given by
where (¯) and ͕¯͖ are 3J and 6J coefficients. 38 Note that Eq. ͑10͒ is used for ''downward'' transitions ( j i ЈϽ j i ) only, the upward ones being obtained from detailed balance, i.e.,
͑11͒
In Eq. ͑10͒, an adiabaticity factor is defined by 39 ⍀͑ j,T ͒ϭ ͭ 1ϩ
As calculated from inversion of the relaxation matrix, the pressure dependence of ͑a͒ strength of the components; ͑b͒ frequency of the components; ͑c͒ width of the components, divided by pressure; ͑d͒ asymmetry of the components, divided by pressure.
where j, jϪ2 , , d c are the frequency spacing between level j and jϪ2, the mean relative velocity in CO 2 -CO 2 collisions, and the scaling length. As widely done before, the basic rates are expressed through an exponential power law
where E j is the rotational energy of level j. The quantities d c , A, , and ␤ are the only parameters of the ECS-EP model. Their knowledge enables the construction of w for any band. The data required for the computation of a band profile are, for each line k, the line identification ͑rotational and vibrational quantum numbers͒, position k , dipole transition moment d k , energy of the lower level E k , and the ECS law parameters. The first ͑spectroscopic͒ quantities have been taken from the 2000 edition of the HITRAN database. 35 Here, the collisional parameters d c , A, , and ␤ have been determined from a fit of line-broadening data using Eq. ͑2͒, but, as was done in Ref. 41 , this fit was carried out ''keeping an eye'' on the 2130 cm Ϫ1 (20 0 0←01 1 0) Q-branch profile at 400 torr in order to obtain parameters that lead to simultaneous satisfactory agreement with measurements for both the broadening and the Q branch shape ͓Figs. 6͑a͒ and 6͑b͔͒. The ECS parameters are temperature dependent. Here, we use only room temperature results as these are the only ones that are available. We find the room temperature parameters to be Aϭ0.018 cm Ϫ1 /atm, ϭ0.74, ␤ϭ0.06, and d c ϭ6.0 Å. How well these parameters reproduce the input broadening coefficients and absorption spectrum is illustrated in Figs. 6͑a͒ and 6͑b͒. As for CO 2 -N 2 , 41 excellent agreement with the measured absorption spectrum is obtained while the quality of predicted halfwidths is better than 10% ͑the intensity weighted rms is 6%͒.
To illustrate the universality of the ECS model, Fig. 7 shows a comparison of computed and measured absorption spectra of the present band at 2093 cm Ϫ1 , for several pressures. Included in the figure is a plot of the residuals, i.e., the difference between the calculated and observed spectra. Similar results were found for the 2077 cm Ϫ1 Q branch as well as for the 2130 cm Ϫ1 Q branch at pressures other than 400 torr.
It is remarkable that a single set of ECS parameters is able to reproduce the band shapes of all three bands. Note that this is quite a success since the absorption is very well predicted, although the three transitions under study have different symmetries (⌺←⌸, ⌸←⌺, and ⌬←⌸) and spectral structures. In particular, as noted above, the 2093 cm Ϫ1 , ⌬←⌸ band includes lines of even and odd J values. This confirms the ability of the ECS approach to account for the effects of the vibrational angular momenta. 33, 42 Another interesting test of the model can be made by comparing the first-order line-mixing coefficients Y k retrieved from measured spectra with those from the ECS-EP relaxation matrix and Eq. ͑5͒. easily show from Eq. ͑5͒ that the line coupling coefficients, y, in the two bands should satisfy
⌬B 2077 ⌬B 2130 y J ͑ 2077͒ϭϪ1.66y J ͑ 2077͒. ͑14͒ Figure 11 confirms that the W elements connecting Q lines are the same for ⌸←⌺ and ⌺←⌸ bands.
IV. CONCLUSIONS
In summary we have studied the behavior of the 2093 cm Ϫ1 Q branch of CO 2 over a wide range of pressures, all at room temperature. The low-pressure spectra, recorded with a difference frequency system, were analyzed using a variety of line shape models that included weak line mixing. This yielded the line and branch strengths, as well as the broadening and weak mixing coefficients. An EPG law was used to understand the nature of the collapse of the band recorded with an FTIR spectrometer at high pressures. In the last part of the paper we have demonstrated that a single ECS model of the relaxation matrix provides a unified description not only of the mixing and band collapse of the present band but also of the Q branches at 2077 cm Ϫ1 and 2130 cm Ϫ1 reported in earlier publications. 
